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Synaptic plasticity: Keeping synapses under control
Lynn T. Landmesser
Recent studies have confirmed that a retrograde signal
is produced at the neuromuscular junction that can
adjust the efficacy of transmission to meet long-term
changing needs. Genetic manipulations in Drosophila
have begun to define the circumstances in which such
signals are generated and how they act. 
Address: Department of Neurosciences, Case Western Reserve
University School of Medicine, 10900 Euclid Avenue, Cleveland, Ohio
44106, USA.
Current Biology 1998, 8:R564–R567
http://biomednet.com/elecref/09609822008R0564
© Current Biology Publications ISSN 0960-9822
Most neurons communicate synaptically by releasing
chemical transmitters. For neural circuits to function
properly, the key parameters that determine the efficacy
of such synapses should be adjustable to respond to chang-
ing circumstances and requirements. This is most apparent
during development, when large increases in the size of
the postsynaptic cell, for example a muscle fiber, require
matched increases in the amount of transmitter released, if
the synapse is to maintain effective activation of the post-
synaptic cell. Similar homeostatic mechanisms would be
useful throughout life to compensate for genetic or envi-
ronmentally induced alterations in synaptic efficacy. 
Studies of the vertebrate neuromuscular junction over a
number of years led to the idea [1] that muscle fibers are
able, in some unknown way, to detect a variable that
depends on the total amount of transmitter acting on them
in relation to their size. When this is insufficient, they
generate a signal that acts retrogradely to cause the presy-
naptic terminal to increase in size and/or strength. Yet the
nature of the retrograde signal(s), and the circumstances
under which specific parameters of the synapse could be
modified, have remained elusive. Recent studies, which
rely on the genetic advantages of Drosophila to modify dif-
ferent presynaptic or postsynaptic parameters selectively
(Table 1), have begun to define how such homeostatic
regulation of synaptic function is achieved [2–4].
As is true of other synapses, the strength of the larval
Drosophila neuromuscular junction, where glutamate is the
transmitter, depends both on the number of packets of
transmitter released (number of quanta) and the depolariza-
tion produced by each packet (quantal size). In two recent
studies, flies were genetically manipulated so as to cause a
selective reduction in quantal size. When this was done, by
reducing either the density [2] or efficacy [3] of postsynap-
tic glutamate receptors, there was a compensating increase
in the number of quanta released by the presynaptic termi-
nals. As this was not accompanied by an increase in terminal
size, either the density of transmitter release sites or the
probability that a quantum would be released from each
site must have increased.
A similar homeostatic regulation of transmitter release has
recently been described at the vertebrate neuromuscular
junction, where acetylcholine is the transmitter. Mice that
are heterozygous for a null mutation of neuregulin, a
synaptically released substance that regulates the amount
of postsynaptic acetylcholine receptors, exhibit a reduc-
tion in receptor density and thus a reduction in quantal
size [5]. As in Drosophila, there is compensating increase in
the number of quanta released by the presynaptic termi-
nals. Here, too, this is caused not by an increase in termi-
nal size, but by an increase in either the density of release
sites or the probability of release from each site. However,
transmitter replenishment mechanisms are unable to keep
up with the abnormally high release imposed on these ter-
minals, and transmission fails upon repetitive activation.
The transmission failure and resulting muscle weakness
are similar to that occurring in the human neuromuscular
disorder myasthenia gravis, where quantal size is also
decreased, in this case by autoimmune destruction of the
acetylcholine receptors, and there is also a compensating
increase in the amount of transmitter released [6].
There thus exists a strong homeostatic mechanism
conserved across species which increases the amount of
transmitter released when quantal size is reduced. Does
the opposite occur when quantal size is increased, as
would be expected in a true homeostatic system? In
Drosophila, at least, the answer is no: when either the
density [2] or efficacy [3] of postsynaptic glutamate recep-
tors is increased by genetic manipulation, there is an
increase in quantal size, with no compensatory decrease in
the amount of transmitter released. The muscle fibers
were thus hyperactivated in these flies.
One possible explanation for these results is that a geneti-
cally induced reduction in quantal size mimics what would
occur during normal development. As the muscle fiber
grows, the depolarization produced by a quantal packet of
transmitter declines, effectively reducing quantal size. This
would be detected, by an as yet undefined mechanism, and
the retrograde signal generated would either cause the ter-
minal to grow or increase the density of transmitter release
sites. The compensatory mechanism activated in myasthe-
nia gravis would in essence ‘piggy back’ on this develop-
mental homeostatic mechanism. In contrast, increasing
quantal size would not activate the retrograde signal, and
such increases in quantal size would never be a normal
consequence of the developmental growth of muscle
fibers. There thus does not appear to be a homeostatic
mechanism to reduce the amount of transmitter released
at a synapse when the postsynaptic response is too high.
A different set of genetic manipulations show, however,
that this conclusion is not generally true. By altering the
levels of adhesion molecules, it is possible to produce a
primary effect on the size of the synapse — in Drosophila,
the number of boutons — and to then determine how
synaptic properties are adjusted. By selectively altering the
levels of the adhesion molecule Fas II — related to the
neural cell adhesion molecule, NCAM — on all muscle
fibers, a single motoneuron could be caused to form more
or less boutons than normal [7–9]. In both cases, the
synapse compensated by altering the number of quanta
released per bouton, exactly compensating for the alter-
ation in bouton number (Figure 1a). These changes could
reflect the operation of a homeostatic, muscle-derived, ret-
rograde signal. But a simpler explanation is based on the
notion that each motoneuron may produce a fixed number
of transmitter release sites [10]. These would then simply
be distributed, more or less densely among the available
boutons, thereby increasing or decreasing the quanta
released per bouton, as was observed.
This simple explanation cannot hold for the synaptic
changes produced by a different manipulation, however. In
this case, by selectively overexpressing Fas II on one of two
adjacent muscle fibers innervated by the same identified
motoneuron, Davis and Goodman [4] shifted the otherwise
equally distributed innervation toward the Fas II overex-
pressing fiber. While the total number of boutons made by
the motoneuron on the two fibres was unaltered, many more
occurred on the Fas II overexpressing fiber, producing one
hyper-innervated and one hypo-innervated fiber. (Figure
1b). On the fiber with the excessive number of boutons, the
number of quanta released per bouton declined, resulting in
normal activation of the muscle. As the total number of
boutons made by the motoneuron was unaltered, in contrast
to the situation illustrated in Figure 1a, these results strongly
suggest a target-specific retrograde signal that can selectively
affect the synapses on that muscle fiber. 
Interestingly, in this situation, the synapses made by the
the motoneuron on the hypo-innervated muscle fiber
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Table 1
Effects of genetically altering synaptic efficacy.
Experimental Quantal size* Total number of Size of synapse Functional activation
manipulation quanta released† of postsynaptic cell
Increased postsynaptic PKA Decrease Increase No change Normal
reduces efficacy of glutamate (quanta/bouton ↑)
receptors [3]
Decrease in number of Decrease Increase No change Normal
glutamate receptors [2] (quanta/bouton ↑)
Decrease in density of Decrease Increase No change Normal
acetylcholine receptors
in mouse
Increase in number of Increase No change No change Hyperactivation
glutamate receptors [2]
Decreased postsynaptic PKA Increase No change No change Hyperactivation
increases efficacy of glutamate
receptors [3]
Decreased Fas II (10% of No change No change Decrease Normal
normal) [8,9] (quanta/bouton ↑)
Decreased Fas II (50% of No change No change Increase Normal
normal) [8,9] (quanta/bouton ↓)
Hyper-innervated fiber by biased No change No change Increase Normal
Fas II expression [4] (quanta/bouton ↓)
Hypo-innervated fiber by biased Increase Decrease Decrease Normal
Fas II expression [4] (presynaptic or postsynaptic?)
Hyperexcitability mutants [13,14] No change Increase Increase Hyperactivation
The primary effect of each genetic alteration is indicated in bold; data refer to Drosophila except where indicated. *Measured by mini-excitatory
junction potential amplitude. †Measured from physiological release parameters. PKA, protein kinase A.
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responded differently to those on the hyper-innervated
fiber. Even though the fiber was hypo-innervated and
might have been expected to generate a retrograde signal
to increase the number of quanta released per bouton, this
did not occur. Instead, quantal size was increased [4],
although it was not determined whether this reflected a
presynaptic increase in the amount of transmitter per
quantum, or a postsynaptic increase in the density or
efficacy of the transmitter receptors.
These studies clearly demonstrate the existence of a
homeostatic retrograde signal that, under certain circum-
stances, can either upregulate or downregulate synaptic
efficacy. They underscore the complexity of the bi-direc-
tional signals exchanged between presynaptic and postsy-
naptic partners during synaptic maturation. Although
neuromuscular synapses usually grow in size to match the
growth of the muscle fiber, it is clear that the regulation of
synaptic size and synaptic strength can be experimentally
dissociated. In none of the cases where the experimental
manipulation primarily altered synaptic efficacy was there
any compensatory change in synaptic size; rather, various
transmitter release parameters were altered. Are there dif-
ferent signals regulating synaptic size and strength? In
normal development, size may be the primary variable
regulated, but other compensatory mechanisms can be
brought into play when mismatches occur (see [1]). There
may be a hierarchy in the types of compensatory response,
with some occurring only when others, perhaps because of
developmental constraints, are no longer possible [11]. In
other cases, such as Drosophila hyperexcitibility mutants
[12,13], compensatory signals may be overridden.
There are still many intriguing questions to be answered.
For example, while muscle-derived diffusible signals such
as arachidonic acid [14] and various growth factors, includ-
ing neurotrophins [15], have been shown in culture to act
on the presynaptic terminal to enhance synaptic efficacy,
the retrograde signal(s) used in vivo are unknown. Sepa-
rate signaling pathways mediated by adhesion molecules
may also be involved. As presynaptic release parameters
seem a primary target of the retrograde signal in many
cases, molecules such as Dlg [16] that regulate the cluster-
ing of presynaptic molecules are likely to be involved.
Finally, the postsynaptic variable that is actually sensed to
generate the retrograde signal is unclear; while it is clearly
not depolarization per se, it could be some variable that
integrates some effect of transmitter action with respect to
cell size, such as the level of cytosolic calcium or another
second messenger.
In both vertebrates and invertebrates, central synapses are
likely to use at least some of same mechanisms for regulat-
ing long-term synaptic efficacy as are being found at the
neuromuscular junction. Given the complexity that is
already apparent, however, it would appear that the neuro-
muscular junction, where both synaptic size and presynap-
tic and postsynaptic transmission parameters can be
carefully correlated, will have distinct advantages for
working out cellular mechanisms. The added genetic
Figure 1
Alterations in synaptic size (number of boutons), caused by changing
the levels of adhesion molecule Fas II in both muscle fibers (a) or in
only one to produce a biased innervation (b), result in compensatory
alterations in the amount of transmitter released per bouton.
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advantages should place the Drosophila neuromuscular
junction [17] at the forefront of this endeavor. Lastly, the
compensatory changes noted in many of the cases
reviewed here [2–5,7,8] suggest that caution should be
used when interpreting the phenotypes of apparently
normal ‘knockout’ mutant mice — they may appear
normal because compensatory synaptic changes have
effectively masked the alterations produced by the
absence of the molecule in question. 
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If you found this dispatch interesting, you might also want
to read the June 1998 issue of
Current Opinion in
Neurobiology
which included the following reviews, edited
by Susan Amara and Walter Stühmer, on
Signalling mechanisms:
A touching case of channel regulation: the 
ATP-sensitive K+ channel
Stephen J Tucker and Frances M Ashcroft
Calcium-activated potassium channels
Cecilia Vergara, Ramon Latorre, Neil V Marrion 
and John P Adelman
Regulation of ion channels by cAMP-dependent
protein kinase and A-kinase anchoring proteins
Peter C Gray, John D Scott and William A Catterall
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G proteins
Gerald W Zamponi and Terry P Snutch
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neuromuscular junction
Marcie Colledge and Stanley C Froehner
Molecular mechanisms of glutamate receptor
clustering at excitatory synapses
Richard J O’Brien, Lit-Fui Lau and Richard L Huganir
Regulation of ion channel expression by 
cytoplasmic subunits
James S Trimmer
Signaling by Eph receptors and their ephrin ligands
Katja Brückner and Rüdiger Klein
TRP, TRPL and trouble in photoreceptor cells
Kristin Scott and Charles Zuker
TRP trapped in fly signaling web
Craig Montell
Mitochondrial oversight of cellular Ca2+ signaling
Donner F Babcock and Bertil Hille
Vesicular neurotransmitter transport and the
presynaptic regulation of quantal size
Richard J Reimer, Edward A Fon and Robert H Edwards
The full text of Current Opinion in Neurobiology is in the
BioMedNet library at
http://BioMedNet.com/cbiology/nrb
